Abstract. The Galician shelf off NW Spain (43N ø 9W ø) exhibits mesoscale spatial and temporal changes in biological productivity associated with upwelling. Spatial heterogeneity results from local geomorphic and land-sea interactions superimposed on the large scale atmospheric processes that produce upwelling. Wind-induced upwelling events, commonly of short (i.e., week) duration, are more common in the summer than in the winter. A series of cruises, including some time series sampling, and satellite imagery analysis showed that surface upwelling was more common and persistent on the northern coast compared with the western coast off the coastal embayments, the Rias Bajas. Nearshore off the rias, coastal runoff, which is greater in the rainy winter/spring versus the dry summer, affected upwelling. In early summer, upwelling less often reaches the surface because of increased water column stratification associated with lower surface salinities and thus upwelling is not detected by satellite imagery. Conversely, in late summer, upwelling more often reaches the surface because coastal runoff is reduced during the dry summer months and the water column tends to be less stratified. Plankton biomass and rate processes along the Galician shelf reflected both ambient hydrographic conditions as well as prior history of upwelling or downwelling. Phytoplankton and bacterioplankton were in greatest abundance during upwelling conditions (June through August); in contrast, both zooplankton and fish larvae exhibited highest abundances in March, when there were upwelling conditions prior to our cruise. Spatial differences in the duration and frequency of upwelling events, in combination with advection of water masses, are critical to the patterns of water column productivity and sardine fisheries production off the Galician coast. More persistent upwelling at this NW corner of the Iberian peninsula supports large sardine fisheries because zooplankton and larval fish populations have time to respond to the higher primary production. Farther down the western Galician coast, the episodic upwelling and resultant intermittent primary production does not support a stable food supply needed to support fisheries. Times series sampling revealed mean response times of bacteria, phytoplankton, and zooplankton to be on the order of a day, days, and weeks, respectively. Sardines showed no spawning response in the relatively short time series sampling. The observed distributional patterns of fish eggs and larvae showed some offshore transport of fish larvae that were spawned inshore during upwelling periods and aggregation of larvae in a convergence zone northwest of Cabo Villano.
Introduction
The Galician (NW Spain) continental shelf with its northern (Rias Altas) and western (Rias Bajas) coastal embayments ( Figure 1 ) supports significant pelagic and demersal fisheries because of upwelling enrichment. In the rias, high primary productivity from the intrusion of upwelled oceanic water supports an intense mussel raft culture Arosa annually produces approximately 100,000 t of mussels [Perez and Roman, 1979] . Along the coast, purse seine fisheries for sardines, Sardina pilchardus, typically yields 100,000 t annually. Important demersal fisheries exist for hake, Merluccius merluccius, and blue-whiting, Micromesistius poutassou.
Coastal upwelling is fundamentally driven by large-scale atmospheric processes, but localized geomorphology and wind patterns can form complex temporal and spatial patterns [Barber, 1988; Parrish et al. , 1983; Jury, 1988] . A seasonal north-south migration of the Azores High results typically in alongshore winds in summer (April through September) that, combined with Ekman transport, uplifts subsurface North Atlamic Cemral Water (NACW) oreo the shelf; during wimer, typical onshore winds favor downwelling. However, in either season, shifting wind patterns cause upwelling and downwelling episodes [Wooster et al., 1976; Fraga, 1981 Thus upwelling along the rias coast is complex both spatially and temporally because of irregular coastline, variable wind fields, and varying distributions of runoff. Fisheries and Oceanography off Galicia (FOG), a joim research program of Spanish and U.S. scientists, focused on oceanographic processes that would lead to mesoscale spatial and temporal differences in biological productivity and food chain patterns along the Galician shelf. The present paper emphasizes the following three themes that emerged from this work: (1)Upwelling is more persistent off Cape Finisterre and along the northern versus the western shelf. (2) Outwelling from the Rias Bajas, both of freshwater and biogenic materials, influences coastal upwelling and related primary production along the western shelf. (3) The biological components of the shelf ecosystem respond on different timescales to short-term episodic upwelling events and seasonal changes in upwelling.
Materials and Methods
We carried out four cruises aboard the R/V Cornide de abundance. The sampling strategy of the first two cruises differed from cruises three and four. On the first two cruises all the transects were sampled only once to get a spatial distribution of hydrographic and biological properties. On the third cruise, transects A and CV were sampled multiple times to study short-term temporal responses in hydrography and biological parameters to upwelling events.
For the fourth cruise we added transect C to increase areal coverage.
Hydrography, Meteorology, and Satellite Imagery Chlorophyll a (chl a) and phaeopigments were determined using the fluorometric method of Yentsch and Menzel [ 1963] as described by Strickland and Parsons [1972] . Water samples were filtered through Gelman type A glass fiber filters (total size fractions) or, alternatively, were first filtered through 12-/xm Nucleopore polycarbonate filters and then the filtrate was filtered through Whatman GF/C filters (< 12-/•m size fraction). Phytoplankton species were enumerated using the Utermohl [1958] technique with 100-mL settling chambers and 250 or 400x magnification.
Primary production (carbon uptake) was determined by incubating surface seawater with 14C bicarbonate in 125-mL Pyrex bottles placed into bags made of varying layers of screen to simulate in situ irradiance levels at different depths. Two light and one dark bottle for each water depth were incubated for 4 hours on ship deck in running surface seawater. Size fractionation was the same as described for chl a and phaeopigments but using 0.8/•m Millipore filters. Nitrate uptake was determined using the stable isotope method (15NO3-) of Dugdale and Goering [1967] . Polycarbonate bottles containing 500-mL samples were inoculated with 0.2 •tm of 15NO3-, incubated for 4 hours, and then the contents of the bottles were filtered through previously combusted Gelman glass fiber filters (type A). Isotope ratios were determined with a Jasco emission spectrometer. Yoder et al. [1983] were used to calculate NO3-N uptake.
Equations given by

Microbiology
Rates of tritiated thymidine incorporation into trichloroacitic acid (TCA) precipitable material were determined by the method of Fuhrman and Azam [1982] . Two replicate and one TCA-killed control (to measure abiotic adsorption of label) 30-mL seawater samples were inoculated with 0.1 /xCi mL -1 3H-methyl thymidine and incubated on board ship in the dark for 1 hour at surface water temperatures. Bacterial growth rates were estimated from sample dilution experiments [Kirchman et al., 1982] . Bacterial abundance was determined by counting preserved samples stained with acridine orange [Hobble et al., 1977] . These data were used to convert in situ thymidine uptake data (picomoles per liter per day to cells per liter per day [Kirchman et al., 1982] ).
Zooplankton and Fish Larvae
Macrozooplankton and ichthyoplankton were sampled during the day with a paired opening-closing net frame (60 cm diameter) fitted with 202-and 333-/xm mesh nets. Distance during each tow was estimated with General Oceanics flowmeters. Two depth intervals, the surface mixed layer (30-50 m) and below the mixed layer to 100 m, were sampled at each station. The samples were preserved in 5 % formalin for later analysis.
Zooplankton biomass caught in the 202-/xm mesh was determined from displacement volumes measured at least 6 weeks after preservation to avoid bias due to variable sample shrinkage [Wiebe et al., 1975] . Biomass was calculated from displacement volumes by log C (milligrams of carbon per cubic meter) = log displacement volume (cubic centimeter per cubic meter) q-2.2092/1.069 [Roman et al., 19851. Fish eggs and larvae were sorted and identified to species when possible. Eggs of sardines, Sardina pilchardus, were separated into three stages of development and classified as living or dead. Sardina pilchardus larvae were measured to the nearest 0.1-mm standard length (SL) for length-frequency analysis.
Microzooplankton were collected by a submersible pump and hose (5-cm diameter) system. Seawater flowed at 22 L min -• through shipboard sensors for measuring temperature, conductivity, and fluorescence and was concentrated through a submerged 20-/•m mesh net on deck to collect microzooplankton. Microzooplankton were collected from below the mixed layer and above as indicated by the temperature profile of water collected on the pump's descent. Microzooplankton were preserved in 4 % buffered formalin and later enumerated to taxonomic groups.
Zooplankton grazing was estimated by the uptake rate of Phytoplankton passing through a 12-/xm filter were a relatively small proportion of chl a (28%) and primary production (32%) at the four coastal stations but accounted for two thirds of both chl a and primary production at the three offshore stations (Table 1) Weight-specific zooplankton grazing rates ranged from 118 to 531 mL mgC -• h '• ( Figure 8b ). When these weightspecific rates are multiplied by the zooplankton biomass, we can estimate the grazing impact of the zooplankton community. The two highest grazing rates were found on transects A and C, where zooplankton removed an estimated 77 % of phytoplankton standing stock per day.
Ichthyoplankton. The five most abundant fish larvae composed 75% of the total catch. They included the sardine, Sardina pilchardus (49%), the dragonet, Callionymus lyra (14%), labridae (12%), the scad, Trachurus (8 %), and the scaldfish, Arnoglossus laterna (6 %). Mean abundances of fish larvae were 29 ind 100 m -3. Densities Similarly, densities and distribution of other fish larvae showed distinct distribution differences between the northern and western coasts. The scad Trachurus was significantly more abundant (Mann-Whitney U-test, p=0.05) in the northern shelf, while the labrid Ctenolabrus rupestris was more abundant on the western shelf off the Rias Bajas, but those differences were not statistically significant.
For every cruise where the data were available an attempt was made to look at the distribution and abundance of fish larvae in relation to microzooplankton and abundance of sardine eggs in relation to concentrations chl a. There were no significant correlations with either of these variables. Table 1) .
Phytoplankton passing through a 12-/tm filter accounted for a relatively high proportion, averaging 60%, of chl a and primary production at the coastal stations (Table 1) and primary production at the offshore stations (Table 1) Phytoplankton. At nearshore stations off Villano (CV4) and Arosa (A4) temporal changes in mean euphotic zone chl a and primary production showed opposite trends (Figure 14b) . On the northern shelf station CV4, both chl a and were no clear trends in primary production and chl a during the time series, except that chl a concentrations offshore on transect CV decreased from approximately 3.0 to 0.5 mg m -3. These changes cooccurred with an approximate 3"C rise in surface temperature (14a). Microbiology. In 1985, time series study showed shortterm changes (days) in thymidine incorporation and bacterioplankton numbers in surface waters on the northern and western shelves (Figure 15) . Rates on the western shelf were higher but more variable than rates on the northern shelf (Table 2) . During the 10-day time series, rates increased on the northern transect CV, whereas rates cycled through a minimum value on the western transect.
Bacterioplankton abundance covaried with thymidine incorporation on the short-term (days) on both shelves (Figure 15 ). Bacterioplankton abundance in bottom waters remained constant over the time series. Average bacterioplankton abundance on the western and northern shelves was not significantly different (Table 2) .
To compare bacterioplankton to phytoplankton production, rates of thymidine incorporation were converted to bacterioplankton production using 2 x 1048 cells mole -• of thymidine incorporation and 1 x 10 -•4 gC cell 4. Or/' the western shelf, bacterioplankton production decreased as a percentage of phytoplankton production from 10 to 3%, whereas on the northern shelf, bacterioplankton production increased from 5 to 30%. Bacterioplankton were 25 % of the phytoplankton on the western shelf but nearly equaled phytoplankton biomass on the northern shelf by the end of the time series. Phytoplankton biomass decreased over time Nauplii abundances were higher at inshore compared with offshore stations (Figure 16b ). Nauplii abundances exhibited a similar trend as zooplankton biomass on transect CV. At station CV2 the nauplii remained fairly constant over the time series sampling, whereas there was a strong increase in nauplii (3 to 12 ind L -1) at station CV4.
Weight-specific zooplankton grazing ranged from 26 to 894 mL mgC-' h 4. Grazing rates were highest at the inshore stations. Similar to biomass changes, water column clearance rates (Figure 16a ) showed the greatest increase over time at station A4, little change at stations A2 and CV2, and a slight increase toward the end of the time series sampling at station CV4. Expressed as a daily consumption of phytoplankton biomass, maximum rates at station A4 were approximately 100 % and at CV4, approximately 26 %.
Ichthyoplankton. The six most abundant fish larvae composed 82% of the total catch. They included Gobiidae (32 %), the sardine, Sardina pilchardus (18 %), the dragonet, Callionymus lyra (12 %), the scaldfish, Arnoglossus laterna (10 %), Labridae (6 %), and the anchovy, Engraulis encrasicholis (4 %). Mean abundances of fish larvae were 20 100 m -3, reflecting the summer spawning activity in the area.
Transects were repeated every 2 or 3 days to determine temporal variability in response to upwelling and/or transport. Minimal temporal variability was evident in the fish larvae samples, partly because of high inherent sampling variability and partly because the timescale required for detectable changes in the composition and abundance of fish larvae is longer than for bacteria, phytoplankton, and zooplankton, which have relatively short response times to changes in the ecosystem. Temporal responses to changes in upwelling would have been most evident for egg stages of ichthyoplankton, but no sardine eggs were taken. (Table 3) . During this cruise, bacterioplankton abundance and rates of incorporation were about twice those measured in July 1985. Comparing bacterioplankton to phytoplankton biomass, on the western shelf, bacterioplankton biomass was 15 to 46%, and on the northern shelf, 70% of phytoplankton biomass values. Phytoplankton biomass on the northern shelf was low during this time series. In terms of production, bacterioplankton production was only 1 to 10% of phytoplankton production above 15 m and equaled phytoplankton production below 15 m water depth.
Zooplankton. Zooplankton biomass was the highest of all the cruises (Figure 7) . Zooplankton biomass did not show any pattern of increase or decrease during the cruise. Zooplankton grazing rates were similar over all transects. Weight-specific grazing rates ranged from 10 to 118 mL mgC -i h -1, with the highest grazing rates at CV4 (Figure 8b ).
Water column clearance rates were low compared with the other cruises (1 to 6 L m -3 h-i). Thus the maximum zooplankton grazing rate was equivalem to a daily removal rate of approximately 14 To of the phytoplankton standing crop. Ichthyoplankton. Transects were repeatedly sampled every 2 or 3 days to determine temporal variability in response to upwelling and/or transport. Again, no clear-cut pattern of temporal variability was evident in fish eggs and larvae. The six most abundant fish larvae composed 81% of the total catch. They included Gadidae (47%), Gobiidae (14 %), the sardine, $ardina pilchardus (11%), Labridae (6%), Blennidae (4%), and Ammodytes marinus (3 %). Mean abundances of fish larvae were 35 100 m -3, reflecting a peak spawning time for several species in the area. Nearshore-offshore density distributions clearly indicated highest concentrations of fish larvae inshore and decreasing significantly seaward (Mann-Whitney U test, p=0.05) on 
Mesoscale Spatial and Temporal Patterns in the Galician Shelf Coastal Systems
Superimposed on macroscale atmospheric and oceanographic patterns are mesoscale upwelling/downwelling due to coastal topography and outwelling from the rias (Figure 22) . Surface salinities nearshore the rias during the June campaign were less than expected from T/S relations of North Atlantic Central Water (NACW). Seaward advection of low-salinity waters from the rias is a likely explanation for the reduced salinities nearshore off the Rias Bajas.
Previous work [Blanton et al., 1984] showed that surface waters in the rias advect seaward when NACW intrudes into the rias as a subsurface layer. These intrusions occur throughout the upwelling season and are a primary source of nutrients sustaining the high production off the rias [Campos and Gonzalez, 1975] . However, Alvarez-Salgado et al. [1993] discuss the potential contribution of mineralization of organic matter outwelling from the rias contributing to the nutrient pool of the shelf waters. Mixing of intruded NACW with the lower-salinity waters in the rias occurs in the middle and inner Ria de Arosa [Hanson et al., 1986 ].
This mixing of nutrient-rich intruded water into the photic zone results in high primary production. The resultant phytoplankton biomass of typically estuarine species in the rias is advected seaward. Both zooplankton and fish fauna near Arosa are more typical of the rias than species found on the northern transects. Fish species more typical of classic upwelling systems are seen in the north, while in the south, large numbers of gobies and labrids indicate more coastal estuarine influence. Similarly, the zooplankton community on the western shelf contains several species of invertebrate larvae which are outwelled from the rias.
Effects on Fisheries Along the Galician Shelf
Temporal distribution and abundance of fish eggs during the four cruises reflected seasonal spawning patterns; spatial distribution of sardine eggs and larvae reflected the distribution of the spawning adults and the pattern of oceanographic currents which dispersed the eggs and larvae. Acoustical surveys of sardines have shown that adults generally distribute themselves and spawn close inshore along the Galician shelf [see Garcia et al. 1988 , and references therein]. However, in our study the sardine larvae tended to be just as abundant and larger offshore as inshore (Figure 23 ). This suggests that during upwelling-favorable periods, larvae were transported offshore from inshore spawning sites. Sardine abundances, length frequencies, and the likely pattern of coastal flow [McClain et al., 1986) suggest that larvae were dispersed westward and offshore north of Cape Finisterre. South of Cape Finisterre, fish larvae appeared to be dispersed to the south and offshore.
The highly productive convergence zone of two water masses just north of Cape Finisterre occurs offshore from the coastal upwelling [Fraga, 1981; Fraga et al., 1982; Estrada, 1984; McClain et al., 1986) . Adult sardines are known to concentrate inshore, so the observed higher concentrations of sardines and other ichthyoplankton offshore in June 1984 and July 1985 (Figures 9 and 18 ) must have been due to offshore transport and concentration caused by the frontal convergence. The fish larvae collected offshore also tended to be larger/older larvae. In contrast, in March 1986, when downwelling conditions prevailed, no sardine, but other fish larvae, were observed at the offshore stations near the convergence zone (Figure 21 ). Winds in March 1986 were strong and variable, shifting from downwelling to upwelling favorable during the cruise, and the water column was mixed. Strong turbulent mixing is generally believed to be detrimental to survival of early stage fish larvae [Lasker, 1981; Peterman and Bradford, 1987; Cury and Roy, 1989] . Given that March is one of the peak spawning periods for sardines, there were surprisingly low numbers of sardine eggs and larvae along the Galician 
